ABSTRACT A novel, experimental massive channel matrix model for indoor scenarios is proposed. In this model, the hand-held effects of smartphone users are taken into consideration, as well as the correlation and coupling at transmitters and receivers in the conventional models. Hence, the proposed model is more applicable in real environments. Measurements at 3.5 GHz are carried out in a typical indoor scenario with a massive multiple-input multiple-output (MIMO) testbed to serve as a base station and an eight-antenna handset to mimic a smartphone. Channel performance predicted by the proposed model is in good agreement with the measurement results. It is highlighted that the proposed model is more accurate than the traditional massive MIMO channel matrix models.
I. INTRODUCTION
The Massive Multiple-Input Multiple-Output (MIMO) has established itself as a key technology for emerging wireless communication systems such as 5G [1] , [2] . It can remarkably improve system performance including spectral and power efficiency [3] , [4] . The performance of massive MIMO highly depends on the characteristics of the wireless channel. Hence, deep physical comprehension of the propagation mechanisms and accurate channel models for massive MIMO are becoming increasingly important [5] - [7] . In particular, channel matrix models can be employed to characterize a lot of channel performances. They are also important basis for the evolution of standardized models such as WINNER and 3GPP SCM. One of the most commonly used channel matrix models is the Kronecker model, where channel characteristics are dependent on the Kronecker product of linkend correlation matrices [8] , [9] . This model has advantage in simplicity but is proved to be inaccurate as the effects between link-ends are ignored. This deficiency is solved in Weichselberger model [10] , [11] , where both the correlation matrices and the effects between link-ends are taken into
The associate editor coordinating the review of this manuscript and approving it for publication was Kostas P. Peppas. consideration. In [12] , a measurement-based channel model is proposed to improve the Weichselberger model. In realworld wireless systems, performances of communications between the massive MIMO base-station and mobile terminals are more often discussed when the terminals are held by users. Hence, hand-held scenarios are of great importance in the system design. However, channel models of the handheld scenarios are rarely investigated. One reason is the lack of proper measurement systems for data acquisition. Apart from measurements, the deficiency of existing models cause further difficulties for the investigation of hand-held scenarios, as neither Kronecker nor Weichselberger model has taken the hand-held effects into consideration.
Therefore, it is highly desired to develop a more accurate and more general massive MIMO matrix model for wireless scenarios. Hand-held effects should be included in the model. In this work, a novel, measurement-based massive MIMO channel matrix model for indoor scenarios is proposed. In the proposed model, matrices describing correlations and coupling are taken into account, whereas the hand-held effect is characterized by a particular matrix different from these aforementioned matrices. Hence, the mechanisms of hand-held effect and other effects are all included in the model. Measurements at 3.5GHz are carried out in a typical indoor scenario. A Massive MIMO testbed with 32 antenna arrays is used as a base-station, and an 8-antenna handset is used to mimic a smartphone. Channel performance predicted by the proposed model is in good agreement with results obtained from the measurement data. The proposed model is proved to be more accurate than traditional massive MIMO channel matrix models.
The rest of the paper is outlined as follows. The proposed model is presented in Section II. In Section III, measurements in the indoor scenario and data processing are introduced. Section IV presents the validation of the model and discussion. Conclusions are drawn in Section V.
II. PROPOSED CHANNEL MATRIX MODEL
In this section, the new channel matrix model is given. The extraction of model parameters and generation of model are also presented.
A. PROPOSED MODEL
In channel matrix models, a propagation channel can be characterized by matrices describing two categories of effects: the effects at two link-ends and those between them [10] , [11] . These effects can be described by particular distributions of random variables as large amounts of samples can be gathered and analyzed in such communication systems. In a handheld scenario, the radio channel is degraded by the hand-held effect and also influenced by other effects [13] , [14] . The channel matrix H of a hand-held scenario can be modeled as follows:
with
where H fix and H random represents the LOS component and the random part of the channel matrix, respectively [12] . Numbers of antennas at Rx and Tx are represented by M and N , respectively. Then, for m = [1, 2, · · · , M ] and n = [1, 2, · · · , N ], g mn denotes the independent and identically distributed (i.i.d.) coefficients, ω mn are the square roots of eigenvalues of the channel correlation matrix [11] . θ Rx,m and θ Tx,n are eigenvectors of the Receiver (Rx) and Transmitter (Tx) correlation matrices, respectively. The hand-held effects are presented by ω h,mn and the other effects are presented by ω o,mn . One can conclude that the aforementioned effects at two link-ends are presented by the eigenvectors, and the effects between two links-ends are denoted by g mn and ω mn . Equation (1) can be reformed with matrices [4] , [11] to simplify the calculations. For instance, the following matrix is defined:
and other matrices are also constructed similarly. Equation (1) can thus be re-written as:
where • denotes the Schur-Hadamard product, Rx and Tx are the link-end eigenvectors, G is an independent and identically distributed zero-mean random matrix, (·) T stands for the transpose operations. As is mentioned above, Rx and Tx are eigenvectors of the Rx and Tx correlation matrices. Hence, they can be obtained by singular value decomposition [15] :
and
where R Rx and R Tx are one-sided correlation matrices at receiving and transmitting antennas, respectively. Matrices
Rx and Tx are the diagonal matrices composed by the corresponding eigenvalues. With (1) -(6), the new channel matrix model is proposed.
B. EXTRACTION OF MODEL PARAMETERS
Next, the extraction of model parameters is presented. It is noticed that in (2), there are two different parameters to be modeled. However, ω h,mn and ω o,mn are difficult be distinguished solely with the measurement data from a handheld scenario. Hence, a scenario without hand-held effect is characterized at first to derive ω o,mn and other model parameters. Firstly, the parameters describing effects at link-ends are derived in the scenario without hand-held effect. The onesided correlation matrices can be obtained as follows:
where H o is the measured channel matrix of the nonhand-held scenario with LOS component removed. Hence, the eigenvectors can be derived with (5) - (8) . Secondly, parameters describing effects between link-ends are also derived. In this case, values of ω h,mn are 0, and can be replaced by o as follows: The matrix G is generated by complex Gaussian random variables, and o can be calculated from the obtained matrices:
A scenario with hand-held effect is subsequently characterized. The measurement geometry and environment must be kept the same as the non-hand-held scenario. Therefore, it is assumed that parameters except ω h,mn are not changed. ω h,mn can be derived with the following formula:
where H random is the measured random channel matrix in the hand-held scenario with LOS component removed. With (7) - (12), the extraction of model parameters is presented. These parameters can be represented by their distributions, and they are the basis for generating the proposed channel model. The procedures of extraction are summarized in Fig.1 , where X 1 , X 2 , X 3 and X 4 are the distribution of the elements in the corresponding matrices.
C. MODEL GENERATION
The diagram for generating a proposed model is provided in Fig.2 . Firstly, a complex Gaussian matrix G is generated and numbers of antennas M and N are set. Then, for m = [1, 2, · · · , M ] and n = [1, 2, · · · , N ], different random variables are generated with respect to their distributions as illustrated in the diagram. In this work, the model is generated with measurement data and simulation tools [16] . 
III. MEASUREMENTS AND DATA PROCESSING
The massive MIMO antenna arrays and the testbed are shown in Fig. 3 . Information about the instrumentation are provided in Table 1 . The center frequency of the antenna arrays is 3.5GHz. Each element has a return loss higher than 17dB and an antenna gain higher than 7dBi. In this measurement, a 32-element array is used as a base station. The antenna arrays and testbed are connected via RF cables. Two antennas are connected to each USRP 2943R module. Software Defined Radio (SDR) provides the RF-digital interfaces and local processing capabilities, while co-processors PXIe -7976R perform MIMO processing. The PXIe -8135 Express Controller take charge in controlling and configuring the system. When performing the measurement, real-time data are shuffled through the system and stored in the controller [17] , [18] . Interconnections between modules are provided by switching integrated in the chassis PXIe -1085. The 8-antenna handset is composed of 8 planar inverted-F antennas (PIFAs) as shown in Fig. 3 . Parameters of the handset are provided in Table 2 . T-shaped parasitic stubs [19] and orthogonal polarization arrangements [20] are introduced to improve its performance. The size of the handset is about 15cm x 7.5cm, which is comparable to a smartphone. Moreover, the emulated mobile terminal can satisfy the requirement of all-metallic packaging [21] and exhibits high performance including impedance matching, element isolation and radiation efficiency. Therefore, measurement data and analysis in this work can be useful in practical system design.
Measurement campaign is performed in a typical indoor office, as shown in Fig. 4 . Ceiling and walls are made of concrete, while floor and desks are made of wood. The door is closed when measuring. Measurement and system parameters are indicated in Table 1 . In this scenario, the Line-OfSight (LOS) environment [17] is studied. Five Tx positions are sampled, whose separations with the Rx antenna arrays fall between 5.5-6 meters. At each Tx position, 9 grid points are sampled. Therefore all measurements are carried out in the far-field situation. The handset is studied in two cases: fixed by a tripod, and held in hand by a user standing at the Tx point. Positions and directions of chairs in the office change slightly during the measurement. Sweeps are successively carried out at nine grid points for each Tx position. Measurements are performed at off-hour [14] and the user rarely moved during the measurement.
Three hundred uplink channel frequency response samples at each grid point are measured. The measurement results are collected and reformed in the channel matrix as follows:
where M and N are the numbers of the receiving and transmitting antennas (M = 32, N = 8), and l is the number of the frequency points within the 20MHz measured bandwidth. It is collected 144 samples of measurement data (l = 144). The frequency selectivity is first analyzed using the method in [12] . It is demonstrated that the frequency within the 20MHz bandwidth has little effect on the channel. Therefore, H l can be regarded as l samples of H.
IV. VALIDATION AND DISCUSSION
In this section, the proposed channel matrix model is applied to predict channel performance and validated by comparing the predictions with measurement results. The proposed model is also compared with traditional channel matrix models. Measurement data used in validation are different from those used in model generation. There is a little random change in terms of positions and directions of scatterers such as chairs compared to measurement in Section III. It is observed that the matrices obtained from measurement data are composed of complex elements. Therefore, the distributions of amplitudes and phases of these elements can be characterized. The maximum likelihood estimation (MLE) [22] is used to choose the adequate distribution type for these matrices and their parametric values are derived. Firstly, the matrices describing effects between link-ends are firstly characterized. It is found that matrices o and ω follow the distributions:
where nakagami(·, ·), (·, ·), and u(·, ·) denotes the nakagami-m, lognormal and uniform distributions. µ 1 and σ 1 are nakagami-m distribution parameters, µ 2 and σ 2 are lognormal distribution parameters, l and ε are the uniform distribution parameters. Their values are listed in Table 3 . reveals that the hand-held effect and other effects such as scattering have distinct influences on the propagation channel. Secondly, the matrices describing effects at link-ends are analyzed. The eigenvectors Rx and Tx are studied with the same method. Their elements' distributions are shown in Table 3 .
The model can be generated by the parameters in Table 3 with respect to the procedures in Fig.2 . The generated model is subsequently applied to predict the performance of the channel. In Fig. 7 and Fig. 8 , the prediction of ergodic capacity [3] is presented. The following equation provides the approach to obtain the ergodic capacity with measured or predicted channel matrix:
where I is the unitary matrix, H is the predicted or measured random channel matrix, ρ is the Signal to Noise Ratio (SNR). Fig. 7 shows the Cumulative Distribution Function (CDF) of ergodic capacity when SNR=20dB. In Fig. 8 , capacity curves versus SNR are presented. Different from [5] , studies in this work only focus on the SNR ranging from 0 to 30dB, because SNR higher than 30dB are rarely seen in practical communication systems. In Fig. 7 and Fig. 8 , the measurement results and predictions by traditional models are also presented for the purpose of comparison. It is observed that the proposed model is more accurate than traditional models. As illustrated in Fig. 7 and Fig. 8 , the Kronecker model underestimates the capacity, while the Weichselberger model is more accurate than Kronekcer model but there are still overestimates of the channel capacity. Underestimates by the Kronecker model can be attributed to that the Kronecker model takes solely the effects at link-ends into consideration while effects between them are ignored. It describes the special case where the effects between link-ends can be approximately presented with a complex Gaussian matrix [8] , [9] . In contrast, the Weichselberger model is inadequate in a hand-held scenario because the influence of hand-held effect on propagation channel is significantly different from other effects. In this work, it is found that the elements in o follow nakagami-distribution, which coincides with existing channel models for indoor scenarios, where there are elements also proved to be nakagami-distributed. On the contrary, lognormal-distributed elements in ω represents a mechanism different from those described in literature. Therefore, the two types of effects should be modeled separately. Otherwise, inaccuracy of the matrix will be inevitable even though the result is measurement-based [12] . Hence, the proposed model is more adequate for hand-held scenarios as physical mechanisms presented by the proposed model are closer to practical cases and the model is more accurate than traditional models.
V. CONCLUSION
A novel, experimental massive MIMO channel matrix model for indoor scenarios is proposed and validated. The proposed model takes the hand-held effect into consideration and provides better accuracy than traditional Kronecker and Weichselberger models. The modeling approach is expected to provide useful information for the performance evaluation, system design and implementation in future massive MIMObased, wireless communication systems. He has authored or co-authored more than 100 journal papers and more than 60 invention patents authorized. In the past five years, he has undertaken more than 30 projects at the national, provincial, and ministerial levels. His research interests include wireless communications, the Internet of Things (IoT), and EMC. VOLUME 7, 2019 
